In recent years, accidents have frequently occurred under the rapid spread of the photovoltaic power generation system in Japan. In order to make the design procedure for the support structure safety, in the previous studies, the authors have compared the experimental results with the FEM analytical results by using the beam element model. The results show that it can evaluate the deformation of the support structure qualitatively, determine the buckling member, and calculate the buckling load. However, it was not easy to quantitatively evaluate the deformation of the support structure in the analysis with the beam element model. In this study, in order to do quantitative evaluation for the deformation of the support structure, FEM analysis was performed by using the shell element model and through comparing experimental results with analytical results. From these results, it is found that the buckling member was determined and its bucking load could be calculated precisely. Furthermore, in order to examine the deformation and fracture process of the angle members, we conducted elastoplastic FEM analysis for the angle member. We will clarify the deformation behavior of the angle steel member until the buckling, and show new knowledge in the destruction of the whole of the support structure.
Introduction
In recent years, the use of renewable energy has dramatically increased, especially, the solar power generation which has been rapidly increasing since 2013, and it is expected to become one of the key power sources in Japan. However, the members of the support structure were damaged by strong wind and heavy snow, and then the photovoltaic system (PV system) was destroyed suddenly. When such an accident occurs, the credibility of the PV system would be lost, and the development in use would be delayed (Japan association for wind engineering., 2017). In the previous study, we proposed an analytical model by using three dimensional elastic beam elements, in order to obtain the principal understanding for the safety design procedure and guidelines (MAEDA et al., 2019) . This analytical model consisted of an eccentricity model which can consider the joint gap of members at the bolt joint part.
In these analytical results by using the beam element model, it was clarified that the deformation evaluation of the whole of the support structure, and the angle pillar member of support structure buckled, and then the whole structure was suddenly destroyed, and we succeeded in qualitative analysis, however the clearance of the bolt-hole in the experiment, the deformation of thread and the error of deformation due to the beam element model are not taken into consideration. Therefore, it was suggested that more precise and quantitative evaluation for deformation behavior of the support structure is required (MAEDA et al., 2019) . In order to establish a safe and efficient design method for the support structure of the PV system, which is designed individually under different environmental conditions, the multi-scale model analysis method was proposed in this research. In the FEM analysis for the whole system of the support structure with the macro scale model, in which the deformation of the support structure and the large stress concentration in a member of the structure could be examined from the results of FEM analysis. In the elastoplastic FEM analysis on the buckled member with the micro scale model, the deformation behavior of the member could be examined precisely, and the buckling load of the member up to the onset of the destruction of the support structure could be clarified.
Loading test for the support structure of the PV system
The support structure equipped with the solar cell module aligned at four lines and two columns was treated as one unit ground installation of the PV system. Since the snow load and wind pressure are dominant as the external environmental forces on the PV systems, we performed the experiments by simulating snow load and wind pressure. As a specimen in the experiment for the snow load, half of the units were arranged, and one unit was used as the other specimen for the wind pressure. The schematic view of the PV system is shown in Fig. 1 . Table 1 shows the geometrical dimensional data of the support structure members used in the experiments. In the snow load experiment, the loading procedure with step of 240 N on the specimen is shown in Fig. 2 (a) , and the pressurizing procedure with step of 250 N on the specimen is shown in Fig. 2 (b) in the wind pressure experiment. The snow load was assumed as the surface load acting on the solar cell module and was described as pressure. Pressure p was applied until the specimen was destroyed, and the evaluation of deformation and damage was conducted for the specimen. The detail of the experiments are given in the following references. (MAEDA et al., 2019) 
FEM analysis for the support structure by using shell element
In order to conduct more precise quantitative evaluation for the deformation of the support structure, the FEM analysis is performed by using the commercial advanced nonlinear simulation software "Marc" (MSC Software Co. Ltd.) with the aid of the pre and post processor "Mentat". The FEM analytical model of the support structure is constructed by using shell element. The shell element is described as a neutral plane with no thickness, and its cross-sectional shape is set by inputting the numerical parameter of each member for the plate thickness of the element. In the analytical result by using the shell element model, it is possible to examine the change of the cross-sectional shape which cannot be evaluated in the analysis with the beam element model, and the load transmission position can be precisely examined in the improved analysis. Since the support structure is consisted in thin and long members, the shear thickness deformation in the direction is much smaller than the bending deformation in the length direction. So the bilinear 4-node thin-shell element, in which the shear deformation cannot be considered, was used for the element of analysis, and the FEM analysis was conducted by using numerical algorithms including geometric non-linearity. Load direction in the case of snow load is different from the direction of wind pressure. When snow load is simulated, it acts on the member No. 1, however it acts in the vertical direction to the horizon. For simulating wind pressure, the force acts in the perpendicular direction to the surface of member No. 1. The point load was set to the bolt fastening part of the support structure, because the load and pressure were transmitted from the solar cell module to the support structure through bolts and bolted parts. The member of the support structure comes into contact with another adjacent member due to an increase in deformation which affects the deformation of another member. In the case that of such a phenomenon, then the member does not pass through another member.
The analytical model is shown in Fig. 3 . The analytical model for snow load consist of 8,000 nodes and 7,024 elements, and the analytical model for wind pressure has 65,451 nodes and 59,932 elements. Since, only the steel structure is modeled in this analysis, the connecting conditions at the joint between member and base is set to the fixed end as in the experiment. Each connecting element at the joint between two members is set as rigid bar element (RBE) and the local θz is not constrained. The material properties are Young's modulus 205 GPa and Poisson's ratio 0.3 in the analysis. The analytical model for the wind pressure is larger than that for the snow load due to the specimen size of the experiment, and then the numbers of nodes and elements in the case of the wind pressure is larger at almost twice that of the snow load. Additionally, the loading condition caused in the case of wind pressure is the different from that in the case of snow load. The snow load is applied in the vertical z direction. However, the wind pressure is applied on the direction perpendicular to the inclined surface of the PV module. Therefore, the numbers of nodes and elements has been increased in order to perform FEM analysis precisely with better load transfer conditions through many connecting parts in the model.
The analytical results for the support structure using the shell element model and discussion
Let us focus on member No.5 of the support structure where the displacement was measured in the experiment. From experimental results, FEM analytical results with the shell element model and that with the beam element model with eccentricity, the relationships between the pressure and the displacement of member No.5 are shown in Fig. 4 for the snow load, and Fig.5 for the wind pressure. From Fig. 4 and Fig. 5 , it can be seen that the displacement δy of the pillar member became larger as the pressure p increases. It is considered that this behavior in Figs.4 and 5 to be mainly © The Japan Society of Mechanical Engineers caused by the difference in the cross-sectional rigidity between the beam element and the shell element, and the reduction of the moment of inertia of the cross-section due to the cross-sectional shape change of the member. In the shell element model, since it takes into account the shape of the member, the geometrical rigidity of the cross-section and the deformation of the cross-sectional shape could be precisely expressed. On the other hand, in the beam element model, since the moment of inertia of cross-section for the members were set to a constant value in both of x and y axes, the geometrical rigidity of the cross-section was higher than that with the shell element model. Therefore, with the beam element model, the deformation of member No.5 does not shows good agreement with the experimental results, however, by using the shell element model, it is seen that the analytical results of the deformation show good agreement with the experimental results. where A is sectional area of the member [mm 2 ]. The pillar member No. 5 in the experiment for the snow load and the pillar member No. 4 for the wind pressure buckled. In both cases, it can be seen from Table 2 that the compressive force of the member in the analytical result is almost the same value as Euler's buckling load for the buckling member in each experiment. Therefore, the buckling member can be determined from the FEM analysis. In order to evaluate the buckling load Pcr of the pillar members where the onset of damage occurs in the case of snow load and wind pressure, the evaluation procedure is shown as follows;
The relationship between the compressive load PC of the pillar member and the experimental pressure p is shown in Fig. 5 (a) and (b).
The buckling loads Pcr for the members No. 4 and No. 5 are calculated by using the Eq. (2);
where E is Young's modulus [MPa] , I is the moment of inertia of cross-section [mm 4 ] and l is the length of the pillar member [mm] . The buckling loads Pcr for the pillar members of No. 4 and No. 5 are also indicated by the red line in Fig.  6 (a) and (b), respectively. It is seen that the buckling occurs at the intersection of the red lines to the blue lines for the analytical results. Table 3 shows the pressure when the support structure is destroyed in the experiments and the buckling load of the pillar member is calculated from the analytical results with both FEM models. It is seen that the FEM analytical results by the shell element model shows good agreement with the experimental results because the load transmission and the deformation behavior in the cross section could be precisely simulated.
FEM analysis for the angle pillar member by using the solid element model
From the experiments, it was found that the support structure of the PV system was destroyed at the moment when the buckling of a member occurred at the onset of the fracture process of the whole structure. Therefore, let us focus on the member in which the large stress concentration is observed, by conducting the precise FEM analysis for the member with the solid element model, and then clarify the deformation of the member, the shape change and its buckling. From. Table 3 Comparison of pressure at buckling stress between experimental results and theoretical results by FEM. For an FEM analysis model, a 20-node solid element of hexahedron secondary element was used. The number of nodes is 42,500, and the number of elements 7,908. The middle part of the L shape member was highly deformed, the dimension of an element in these parts are set to 2.5 mm in the longitudinal direction of the member, 11 mm in the transverse direction to the length, and 0.5 mm in the width direction of the cross section. Since it has been found in the experiment that at near both ends part of the member was not highly deformed by bending moment, the coarse elements are introduced in these parts and the length of an element is set to 15 mm in the longitudinal direction of the member. Boundary conditions of the analytical model are shown in Fig. 7 . The points C and D indicate the edge points of the L shape cross section for the referenced cross section at the center of longitudinal direction, and the point B is set at its corner. Point A is at the intersection of the load action line to the line segment BC of the cross section, and the distance dCD is described by the length between the point C and D. In this elastoplastic analysis, we examined the displacement in y direction δy at point A and the distance dCD for the deformation behavior of the angle member. In setting the boundary condition of the analytical model, since the angle member of the support structure is fastened with a bolt at each end, the constraint conditions at the end of the member were set as the pin support loaded condition, and the displacement in length direction was set fixed at one end. The displacement at the nodes of the bolt-hole circle at the loaded end was constrained in x and y directions, and that at the nodes of fixed end was constrained in x, y and z directions. For the load condition, the compressive load F in the length direction is applied to the bolt-hole position at the loaded end of the member. The material properties used in the elastoplastic analysis are shown in Table 4 . (Honda et al., 2015; MSC Marc, Element Library, Vol.B 2018; Nonlinear CAE association 2006) 
Load type

The analytical results for the buckled angle pillar member and discussion
We conducted the elastoplastic analysis to examine the fracture process when the compressive load was applied to the angle member. The analytical result of the deformation behavior in the member will be precisely described below.
The relationship between the load F applied to the bolt-hole circle and the displacement δy at the point A is shown in Fig. 8 . It can be seen that the displacement δy become larger as the load F increases. At the middle stage of loading, the nonlinear behavior is observed in the Fδy curve and the rigidity is largely reduced. Elastoplastic analysis is continued up to the maximum load of 7,542 N. In order to examine whether the non-linear behavior in Fig. 8 is caused by plastic deformation of the member, the stress distribution of σz in the angle member is precisely examined in the analytical result. The stress contour σz is shown in Fig. 9 at the load level F=7,360 N just before maximum load. As load is gradually increased, the plastic deformation is first observed on the edge of the BD side in the referenced cross section at the center part of longitudinal direction at 7,360 N. In Fig. 8 , the nonlinear behavior is observed from the middle stage of loading where the almost part of the member is found to be in the elastic deformation zone until 7,360 N in Fig. 9 .
Since the cross-sectional shape of the member was highly deformed in the inspection of the support structure after the destruction in the experiment, by observing the change of the cross-sectional shape of the angle member, we examined the nonlinear deformation behavior within at the elastic deformation zone before 7,360 N. The relationship between the load F and the distance dCD is shown in Fig. 10 , and at that position the change of deflection and cross-sectional shape in the middle is shown in Fig.11 . The black dotted line indicates the elastic limit of 7,360 N. From Fig. 10 , as the load F increases, the dCD starts to increase so that the L shape of the cross section is beginning to be deformed and opened into a flat shape. It can also be observed from Fig. 11 that the cross section of L shape is highly deformed and rotated around the axis of longitudinal direction of the member. This nonlinear behavior should be caused by the bending deflection and the reduction in the geometrical rigidity due to the cross-sectional shape changes. Therefore, the opening of the crosssectional shape makes the reduction of the moment of inertia of cross-section, and the nonlinear deformation behavior © The Japan Society of Mechanical Engineers occurs within the elastic deformation zone. In further load increase, the small scale of plastic deformation appears in a part of the member, and then the angle member suddenly buckles just over the load level 7,360 N. It is necessary to understand the deformation behavior and fracture process of the angle member, and the examination of these phenomena lead to the important knowledge of the maintenance for the support structure. By examining them by using the multi-scale model analysis combining the analysis for support structure in the macro-scale with that for the member in the micro-scale, we could obtain the efficient analytical procedure to establish the safety design for the support structure. In the macro scale, it was possible to find the member with a large stress concentration in the whole of the support structure. In the micro scale, the buckling load and the fracture process until the buckling occurs were examined. By using the multi-scale model analysis method, the load capacity could be clarified to prevent the destruction of the whole of the support structure, and the design of an efficient and safe support structure would be improved.
Conclusion
In this study, we aimed to precisely evaluate the deformation of the support structure from the result of FEM analysis with the shell element model. Furthermore, in order to observe the deformation and the fracture process of the angle member, we conducted the elastoplastic analysis for its member. From the results of FEM elastoplastic analysis, the opening of the cross-sectional shape reduces the moment of inertia of the cross-section, and we could observe the nonlinear bending deformation behavior of the angle member even in the elastic deformation region of the material. After that, it is found that the plastic deformation appear in a part of the member and then the angle member suddenly buckled. The obtained results in this study are summarized as follows.
i.
It was clarified by using the shell element model that the FEM analysis can evaluate the deformation of the whole of the support structure precisely. ii.
It was found that the buckling pillar members could be determined due to the compressive force derived from FEM analysis with the shell element model, and we could also estimate the snow load and wind pressure when the support structure is destroyed. iii.
In the case of the compressive load acting on the bolt-hole of the angle member, the cross section of the pillar member was changed and the moment of inertia of the cross-section was reduced. Therefore, it was found that the relationship between the load F and the displacement δy for the angle member is shown as a nonlinear behavior even within the elastic deformation zone, and the member is suddenly buckled after plastic deformation appeared.
The bending deformation of the member and the opening of the cross-sectional shape for the angle member obtained in this study can be used as a reference value for maintenance of the support structure. In our future work, deep understanding with the multi-scale model analysis could give us the fundamental knowledge in order to establish safety design procedures and guidelines for support structures.
